Effective treatment of sites contaminated with dense non-aqueous phase liquids (DNAPLs) requires detailed understanding of the microbial community responses to changes in source zone strength and architecture. Changes in the spatial and temporal distributions of the organohaliderespiring Dehalococcoides mccartyi (Dhc) strains and Geobacter lovleyi strain SZ (GeoSZ) were examined in a heterogeneous tetrachloroethene-(PCE-) DNAPL source zone within a twodimensional laboratory-scale aquifer flow cell. As part of a combined remedy approach, flushing with 2.3 pore volumes (PVs) of 4% (w/w) solution of the nonionic, biodegradable surfactant Tween® 80 removed 55% of the initial contaminant mass, and resulted in a PCE-DNAPL distribution that contained 51% discrete ganglia and 49% pools (ganglia-to-pool ratio of 1.06). Subsequent bioaugmentation with the PCE-to-ethene-dechlorinating consortium BDI-SZ resulted in cis-1,2-dichloroethene (cis-DCE) formation after 1 PV (ca. 7 days), while vinyl chloride (VC) and ethene were detected 10 PVs after bioaugmentation. Maximum ethene yields (ca. 90 μM) within DNAPL pool and ganglia regions coincided with the detection of the vcrA reductive dehalogenase (RDase) gene that exceeded the Dhc 16S rRNA genes by 2.0 ± 1.3 and 4.0 ± 1.7 fold in the pool and ganglia regions, respectively. Dhc and GeoSZ cell abundance increased by up to 4 orders-of-magnitude after 28 PVs of steady-state operation, with 1 to 2 orders-of-magnitude increases observed in close proximity to residual PCE-DNAPL. These observations suggest the involvement of these dechlorinators the in observed PCE dissolution enhancements of up to 2.3 and 6.0-fold within pool and ganglia regions, respectively. Analysis of the solid and aqueous samples at the conclusion of the experiment revealed that the highest VC (≥155 μM) and ethene (≥65 μM) concentrations were measured in zones where Dhc and GeoSZ were predominately attached to the solids. These findings demonstrate dynamic responses of organohalide-respiring bacteria in a heterogeneous DNAPL source zone, and emphasize the influence of source zone architecture on bioremediation performance.
Introduction
Chlorinated solvent releases continue to pose long-term remediation challenges, particularly at sites where these contaminants exist as dense non-aqueous phase liquids (DNAPLs) (NRC, 2013; Stroo et al., 2012) . Despite considerable progress in the development and testing of in-situ remediation technologies over the last 25 years, removing sufficient DNAPL mass to achieve concentration-based cleanup goals remains technically challenging at many sites (Kueper et al., 2014; NRC, 2013; Stroo et al., 2012) . The difficulties encountered during DNAPL site remediation can often be related to the heterogeneous distribution of contaminant mass. For example, a DNAPL source zone may contain regions of discrete DNAPL droplets (i.e., ganglia) and higher-saturation "pools" residing above lower permeability lenses or confining layers. While higher specific surface area droplets and ganglia are more amenable to dissolution-based processes, DNAPL pools can persist in the subsurface for decades or centuries, serving as long-term sources of groundwater contamination (NRC, 2013) .
Bioaugmentation and biostimulation have emerged as reliable technologies for treating chlorinated solvents sites (Lyon and Vogel, 2013; Pandey et al., 2009) due to an improved understanding of microbial processes, in particular Dehalococcoides mccartyi (Dhc) strains that detoxify chlorinated ethenes to ethene (Löffler et al., 2013a (Löffler et al., , 2013b . Microbial reductive dechlorination provides an effective means for DNAPL source zone treatment, either as a standalone technology (Adamson et al., 2003; Haest et al., 2012; Philips et al., 2012; Sleep et al., 2006) or combined with physical-chemical technologies as a "polishing" step (Christ et al., 2005; Fletcher et al., 2011; Mravik et al., 2003; Ramsburg et al., 2004) . Numerous studies have demonstrated that dechlorinating bacteria can be active in close proximity to DNAPL, leading to enhanced dissolution (1.5-to 14-fold enhancement over abiotic dissolution) (Amos et al., 2008 (Amos et al., , 2009 Glover et al., 2007; Haest et al., 2012; Philips et al., 2013; Sleep et al., 2006; McCarty, 2000, 2002) . Bioenhanced dissolution has the potential to accelerate depletion of source zone contaminant mass, thereby reducing source zone longevity, remediation time and cost. In addition to the challenges associated with the delivery of sufficient electron donor to the contaminant source zone (Löffler and Edwards, 2006; Yang and McCarty, 2000) and inconsistent supply of reducing equivalents (Chu et al., 2004; Da Silva et al., 2006; Yang and McCarty, 2002) , DNAPL source zone architecture (Amos et al., 2008; Christ et al., 2005 Christ et al., , 2010 Glover et al., 2007; Park and Parker, 2008; Stroo et al., 2012) may influence microbial reductive dechlorination activity and bioenhanced dissolution.
Aquifer cell studies provide a more realistic representation of subsurface conditions compared to microcosms (Amos et al., 2007; McGuire and Hughes, 2003) and homogeneous onedimensional flow systems (Amos et al., 2008 (Amos et al., , 2009 Azizian et al., 2008) . For example, Sleep et al. (2006) observed growth of Dhc in close proximity to a tetrachloroethene-(PCE-) DNAPL source where aqueous concentrations exceeded 700 μM (115 mg/L), resulting in microbially-enhanced dissolution. Haest et al. (2012) hypothesized that non-uniform mixing of water and pooled trichloroethene (TCE) due to variable DNAPL configuration may have a greater influence on the dissolution enhancement factor than the biodegrading microbes. However, assessment of the DNAPL distribution in that study was based on visual observations (Oil-Red-O was used to dye DNAPL) and measured concentrations of chlorinated ethenes rather than direct measurement of DNAPL saturations. Investigations of the influence of DNAPL saturation on reductive dechlorination and bioenhanced dissolution have been largely based on mathematical models (Parker and Park, 2004) , or were conducted in small test cells with uniform saturation (Glover et al., 2007) . Experimental investigations have not considered the effects of changes in DNAPL source zone architecture on spatial and temporal distributions and activity of dechlorinating populations, and the distribution of microbes between the solid and aqueous phases, which has implications on the feasibility of monitored natural attention (MNA) and the success of enhanced bioremediation Lu et al., 2006; Ritalahti et al., 2010b) .
The objective of this study was to improve our understanding of bioremediation within heterogeneous DNAPL source zones as a function of mass removal and source zone architecture. A laboratory-scale aquifer cell was established with a heterogeneous PCE-DNAPL saturation distribution consisting of regions of high saturation pools and discrete ganglia. Following flushing with a nonionic surfactant (4% w/w Tween® 80), which removed 55% of the PCE-DNAPL mass, the aquifer cell was biostimulated with 10 mM lactate and bioaugmented with a PCE-to-ethene dechlorinating consortium as part of a combined remedy approach. Spatial and temporal distributions of the key dechlorinating species Dhc and Geobacter lovleyi strain SZ (GeoSZ) were measured within the aquifer cell. In addition, Dhc reductive dehalogenase (RDase) genes and the daughter product formation were monitored within the aquifer cell using sideport samplers. These data were used to determine the extent of bioenhanced dissolution as a function of DNAPL saturation (i.e., ganglia versus pool regions).
Materials and methods

Aquifer cell setup and preparation
The aquifer cell was constructed with two 1.4 cm thick glass panels held in place by a custom-milled aluminum frame to yield internal dimensions of 63.5 cm (length) × 38 cm (height) × 1.4 cm (thickness) (Suchomel et al., 2007) . Eighteen sampling ports, aligned in four vertical transects of four or five ports, were located within the front glass panel to allow for in-situ quantification of chlorinated ethenes, non-attached (planktonic) biomass, and fermentation products (Fig. 1) . The aquifer cell was packed under water-saturated conditions with a 1:1 (w/w) mixture of 20-30 mesh and 40-50 mesh Accusand as the porous medium. Two regions of low permeability lenses consisting of F-70 Ottawa sand were emplaced within the background medium to promote the formation of both pool and ganglia regions. In addition, a 3-cm thick layer of F-70 Ottawa sand was placed at the bottom of the cell to create a lower confining layer ( Fig. S-1 ). Following packing, approximately 40 mL of PCE-DNAPL dyed with Oil-Red-O (0.4 mM) was injected into the aquifer cell (Fig. 1 , above port 2A) at a flow rate of 0.5 mL/min using a Harvard Apparatus model 22 syringe pump (Holliston, MA) and allowed to distribute for 24 h. Degassed water containing 3.4 mM CaCl 2 (500 mg/L) as the background electrolyte was then flushed through the aquifer cell at a flow rate of 1 mL/min during the initial 5-pore volume (PV, 1 aqueous PV = 1180 mL) plume development period.
The glass panel construction allowed for the quantification of PCE-DNAPL saturation distributions using a light transmission (LT) system (Tidwell and Glass, 1994) described in the Supplemental material. Briefly, thickness-averaged saturations were expressed as pool fraction (PF, 0 to 1) and ganglia-to-pool (GTP, 0 to infinity) ratio (Suchomel and Pennell, 2006) , where PCE-DNAPL saturations (S PCE ) of less than 13% were considered to represent discrete ganglia within the background matrix, and saturations that were equal to or greater than the residual saturation represented "pools" (see Supplementary material).
Medium preparation and bioaugmentation
Prior to bioaugmentation, 1 PV of reduced mineral salts medium prepared according to the recipe outlined by Löffler et al. (1996) and Sung et al. (2003) with the modifications incorporated by Amos et al. (2009) , and amended with 10 mM lactate as the electron donor was flushed through the aquifer cell to establish anoxic conditions. Bio-Dechlor INOCULUM (BDI-SZ), a non-methanogenic, PCE-to-ethene dechlorinating consortium that contains fermenters, homoacetogens, and multiple dechlorinators, including three Dhc strains and GeoSZ (Amos et al., 2009) , was used for bioaugmentation. The three Dhc strains FL2, GT, and BAV1 harbor the tceA, vcrA, and bvcA reductive dehalogenase (RDase) genes, respectively, and represent 46%, 54%, and b0.001% of the Dhc population in BDI-SZ, respectively. The consortium was maintained for several months with periodic additions of 0.33 mM PCE as electron acceptor and 10 mM lactate as electron donor, and was sampled prior to inoculation for quantitative real-time polymerase chain reaction (qPCR) analysis (see Supplementary material) that yielded initial abundances of 9.81 ± 0.23 × 10 7 Dhc cells/mL and 3.66 ± 1.24 × 10 7 GeoSZ cells/mL. Cell numbers are reported per milliliter of aqueous phase or scaled to 4.93 g of dry sand (i.e., the amount of dry Accusand background porous medium with a pore volume of 1 mL) to allow for direct comparison of planktonic (i.e., non-attached) and attached cell numbers. Cells associated with the aqueous phase, collected from co-located sideports immediately prior to destructive sampling of the aquifer cell, were subtracted from the total cell numbers measured in wet sand material within the area of withdrawal influence for each sideport to determine solid phase attached cells .
Aquifer cell influent delivery system
An unconfined flow system with a hydraulic head difference ranging from 0.3 to 3 cm over the length of the aquifer cell (hydraulic gradient of 0.005 to 0.05) was established using a constant head apparatus. Operational flow rates ranged from 0.05 to 1.0 mL/min, corresponding to pore-water (seepage) velocities of 3.9 to 78.5 cm/day and residence times of 0.8 to 17 days. Influent solutions were transferred to a 4 L Mariotte bottle equipped with an aspirator (Ace Glass, Vineland, NJ) connected to a slotted 0.3175 cm O.D. (1/8 in.) stainless steel tubing located inside the fully screened influent end chamber of the aquifer cell. Insertion of 0.635 cm O.D. (1/4 in.) stainless steel tube into the Mariotte bottle provided for a constant head independent of the volume of water in the reservoir. The aqueous flow rate was controlled by adjusting the heights of the Mariotte bottle and the effluent tubing outlet. Prior to bioaugmentation, the influent delivery system was modified to maintain anoxic conditions by attaching a glass column filled with powdered ferrous iron as in-line oxygen scrubber/ absorber (Restek Corporation; Bellefonte, PA) and the headspace was continuously flushed with argon gas. Performance of the oxygen removal system was monitored by addition of the redox indicator resazurin (1 nM, Sigma Aldrich) to the mineral salts medium.
Aquifer cell operation and sample collection
As part of a combined remedy strategy designed to promote more efficient remediation of the PCE-DNAPL source zone and to create conditions more conducive to bioremediation (e.g., decreased PCE concentrations), a sequence of two 4% (w/w) Tween® 80 surfactant floods (1 + 1.3 PVs, 2.3 total PVs) was conducted at a flow rate of 4 mL/min (3 m/day) to incrementally remove PCE mass via micellar solubilization . After each surfactant flood, 20 to 30 PVs of background electrolyte solution (500 mg/L CaCl 2 ) were introduced at 1.0 mL/min. Once flux-averaged PCE effluent concentrations stabilized (63 ± 16.5 mg/L), three PVs of mineral salts medium without electron donor were flushed through the aquifer cell at a flow rate of 0.15 mL/min (ca. 6-day residence time) to establish anoxic conditions prior to bioaugmentation. Following the injection of one PV of medium amended with 10 mM lactate, 20 mL of the BDI-SZ consortium was introduced into each of the nine sideports located upgradient from and within the source zone using a gas-tight syringe (first two transects, ports 1A-1E and 2A-2D, Fig. 1 ). For the remainder of the experiment, medium with 10 mM lactate was flushed through the aquifer with a 6 to 10 day residence time (i.e., 0.15 to 0.1 mL/min). A timeline of aquifer cell operation is presented in Table 1 .
Flux-averaged effluent samples were collected every 0.1 to 0.3 PVs, and sideport samples were collected every 1 to 4 PVs. The effluent collection system consisted of a 20-mL glass sampling bulb that allowed for the analysis of chlorinated ethenes, ethene and pH, and following bioaugmentation, organic acids and bacterial cells. Biomass was collected from aqueous samples (1-1.5 mL) withdrawn from each sampling port and the effluent (15 mL). Following collection of the final round of aqueous samples from the sideports at the termination of the experiment (day 525, PV 116.2; Table 1), solid phase samples were obtained from a 1 cm radius around each sideport by destructive sampling. To enumerate dechlorinating bacteria by qPCR, DNA was extracted from solid and aqueous samples following established protocols (described in the Supplemental material) (Amos et al., 2009; Cápiro et al., 2008 Cápiro et al., , 2014 .
Results and discussion
DNAPL source characterization and plume development
After PCE-DNAPL release into the aquifer cell and the initial plume development period (5 PV electrolyte solution flush, Fig. S-2 ), the resulting GTP ratio and the PF in the source zone were 1.6 and 0.38, respectively. These data indicate that approximately 62% of the PCE-DNAPL volume consisted of entrapped ganglia, while the remaining 38% corresponded to higher-saturation pools (S PCE ≥ 0.13). Following two surfactant floods (2.3 PVs of 4% Tween® 80), approximately 28% and 17% of the initial PCE mass was removed, and flux-averaged effluent concentrations of PCE decreased from 1200 μM to 780 μM and then to 480 μM following the first and second surfactant floods, respectively ( Fig. S-2 ). After each surfactant flood, the PCE-DNAPL saturation distribution was quantified using the LT system, which indicated that the GTP ratio decreased incrementally from 1.60 to 1.38 (first surfactant flood) and from 1.37 to 1.07 (second surfactant flood). After an additional 25 PVs of CaCl 2 electrolyte solution (PV 58), (Fig. S-1 ), the GTP ratio and the PF in the source zone were 1.04 and 0.49, respectively, indicating that approximately half of the PCE-DNAPL volume consisted of entrapped ganglia, while the remaining 50% corresponded to higher-saturation pools. The local dissolved phase PCE concentrations emanating from these DNAPL zones immediately prior to bioaugmentation (PV 73) are shown in Fig. 2 . Flux-averaged effluent Tween® 80 concentrations decreased to less than 200 mg/L prior to medium introduction (PV 58) and approached 50 mg/L by PV 64.1 (day 58, Table 1 ), which is below the level of 250 mg/L Tween® 80 observed to have adverse impact on reductive dechlorination of PCE to ethene by the BDI-SZ consortium (Amos et al., 2007) .
Within 4 PVs of introducing the mineral salts medium and bioaugmentation with the BDI-SZ consortium (prior to the detection of ethene), a visible black precipitate formed throughout the aquifer cell. Therefore, subsequent monitoring of the PCE source zone mass removal was based on aqueous phase effluent samples rather than LT analysis. The black precipitate was attributed to the formation of iron(II) sulfide (FeS) due to bacterial reduction of ferric iron associated with the porous medium and the introduction of sulfur compounds (e.g., sodium sulfide) in the medium. Eleven PVs post bioaugmentation, the flow rate in the aquifer cell decreased from 185 mL/day to 75 mL/day, which corresponded to an overall relative permeability reduction of 65 ± 11%, attributed to precipitate formation and biomass growth. Acetylene, a product of abiotic PCE reductive dechlorination mediated by FeS (Butler and Hayes, 2001) , was monitored according to previously described procedures (Costanza et al., 2009 ), but not detected throughout the experiment. Therefore, observed PCE degradation was attributed to microbial activity. 
DNAPL dissolution following bioaugmentation
Within 12 PVs after bioaugmentation, flux-averaged effluent PCE concentrations decreased from ca. 300 μM to below 3 μM, TCE (detected after 0.5 PV) concentrations averaged 14.9 ± 23 μM before decreasing below 3.8 μM, and cis-DCE (detected after 1 PV) increased to a maximum concentration of 292 μM (Fig. 3) . However, VC and ethene were not consistently detected until 10 PVs after bioaugmentation, likely due to an adaption time required by Dhc harboring the vinyl chloride reductase (vcrA) gene (Damgaard et al., 2013b) , and/or inhibition by PCE and cis-DCE (Amos et al., 2009; Damgaard et al., 2013a) . The pH of the phosphate-buffered (10 mM) influent medium was 7.2 ± 0.25 throughout the experiment (data not shown); however, the effluent pH dropped to 6.8 (6.5 PVs after bioaugmentation) during periods of lactate (and residual surfactant) fermentation and extensive PCE to cis-DCE transformation. This small pH decrease may have delayed vinyl chloride (VC) and ethene production since the optimal pH range for Dhc activity is 7.2-7.4 (He et al., 2003) . Once the pH approached 7.2 10 PVs after bioaugmentation, VC and ethene were detected consistently, and concentrations increased to 43.5 μM and 31.3 μM, respectively (Fig. 3) . Under steady-state conditions (8.0 ± 3.5 cm/day seepage velocity) and 29 PVs after bioaugmentation, the effluent was composed of cis-DCE (52.9 μM), VC (25.1 μM) and ethene (17.9 μM), corresponding to an effluent molar composition of 55%, 26% and 19%, respectively (Fig. 3) .
A 14-day flow interruption was initiated 29 PVs after bioaugmentation (106.4 PVs overall) to evaluate the potential impacts of mass transfer limitations and hydraulic retention time on dechlorination performance. Upon resuming flow, effluent concentrations of cis-DCE (340 μM), VC (181 μM) and ethene (124 μM) exceeded levels measured prior to the flow interruption by up to 7-fold (Fig. 3) . After introducing an additional 5 PVs of reduced mineral salts medium (34 PVs following bioaugmentation, 111 PVs overall), effluent concentrations of cis-DCE, VC and ethene decreased to 38.3 μM, 25.8 μM and 25.6 μM, respectively. A second 21-day flow interruption, initiated 35 PVs after bioaugmentation (PV 112.5), resulted in an effluent molar composition of cis-DCE, VC and ethene shift to 24%, 19% and 57%, respectively. Elevated effluent concentrations of cis-DCE (310 μM), VC (109.3 μM), ethene (76 μM), as well as PCE (53.2 μM) and TCE (16.7 μM) were measured after flow resumed, which corresponded to a 7.8-fold enhancement in molar mass removal over pre-flowinterruption measurements.
The marked improvement in dechlorination activity immediately following periods of flow interruption and sustained improvements during subsequent operation indicate that the residence time in the aquifer cell was not sufficient to achieve complete reductive dechlorination to ethene. Unlike the flow interruption initiated during the abiotic phase of the experiment (PV 18.2, 13-days, Table 1 ) when no mass transfer enhancement was measured, the added residence time promoted more complete transformation of PCE to lesserchlorinated, more soluble daughter products. This finding is consistent with results from previous continuous-flow column (Amos et al., 2009; Haest et al., 2011) and pilot-scale aquifer tank (Da Silva et al., 2006) experiments that attributed insufficient residence time as a contributing factor for incomplete PCE/TCE reductive dechlorination.
In addition to residence time, the heterogeneous DNAPL saturation distribution in the aquifer cell may have influenced the measured aqueous dissolution beyond the mass transfer limitations associated with specific interfacial (surface) area. Specifically, PCE daughter products (e.g., cis-DCE) could have partitioned into PCE-DNAPL located in downgradient regions of the aquifer cell. This partitioning could have led to lower detection of daughter products in the aqueous phase, and thus, underestimates of dechlorination and bioenhancement. Previous studies have demonstrated that partitioning of PCE daughter products is reversible and is not strongly rate limited (Ramsburg et al., , 2011 . Based on the NAPL mass that remained in the aquifer cell at the conclusion of the experiment, a NAPL saturation of approximately 0.025 was estimated for the bottom 5-6 cm of aquifer cell. Using daughter product partition coefficients (K p ) of 348 and 593 for VC and cis-DCE, respectively , the retardation factor would be approximately 8 to15, respectively, through the region of the aquifer cell where NAPL existed near the end of experiment. Although partitioning of daughter products into entrapped NAPL was not thought to be important in this system, the process should be considered when evaluating bioremediation in heterogeneous source zones containing DNAPL.
The remaining chlorinated ethene mass was measured by destructively sampling the aquifer cell immediately after flow was stopped (116.2 PV). Approximately 14% of the originally emplaced PCE mass was recovered in methanol extracts of the aquifer cell solids. Combined with 55% PCE mass removal achieved during the surfactant flushing and the 15% equivalent mass (molar summation of all chlorinated ethenes and ethene) eluted during the biological transformation phase, the total experimental mass balance was 84%. The remaining 16% of PCE mass that was not accounted for could be attributed to a number of factors including (i) volatile losses of parent and daughter products, especially VC and ethene through the upper surface of the aquifer cell which did not have a gas-tight seal (ii) accumulation of small amounts of PCE-NAPL in three of the sampling ports, which was observed visually, and (iii) unintentional removal of PCE-DNAPL during side port sampling events. Nevertheless, the aquifer cell system allowed for detailed monitoring of contaminant concentrations and distributions of the key dechlorinators for over 1 year.
Temporal and spatial distribution of Dhc and GeoSZ
Dhc cell numbers measured in aqueous sideport samples collected 28.9 PVs after bioaugmentation increased by 1 to 4 orders-of-magnitude compared to titers measured after 4.5 PVs within the ganglia regions of the source zone (Fig. 4A) . Across the four-port transects, cell titers increased with proximity to the PCE-DNAPL, and were 1 to 2 orders-of-magnitude higher than those measured in the upper half of the aquifer cell (Fig. 4A) , which contained minimal PCE-DNAPL (Fig. 2) . Following the first flow interruption period (PV 106.4), Dhc cell numbers increased up to 2.8 × 10 8 cells/mL, and up to 3 orders-of-magnitude above titers measured during operational flow conditions (PV 82) at port 3E near the remaining DNAPL pool (Fig. 4A) . After 116 PVs of operation, Dhc cell numbers decreased below the levels measured immediately following the flow interruption periods at most sample locations, yet the cell numbers exceeded those measured preinterruption, indicating that the temporary flow stoppage stimulated Dhc growth. During bioremediation field applications, hydraulic control to achieve periods of reduced flow within the source zone could help to increase Dhc cell numbers, and in turn, enhance dechlorination performance within the source zone. GeoSZ planktonic cell numbers increased 1 to 2 orders-ofmagnitude (up to 1.6 × 10 8 cells/mL) during steady flow, with the highest cell numbers observed in close proximity to the zones of high-saturation PCE-DNAPL (Figs. 4B and S-1). The detection of increased GeoSZ cell numbers in the source zone is consistent with the conversion of PCE to cis-DCE in the lower third of the aquifer cell (D and E ports, Fig. 1 ), and coincides with observations made in a column experiment with the same inoculum, where 3.5-fold higher GeoSZ cell numbers were measured near the source zone compared to the downgradient plume region (Amos et al., 2009) . The additional contact time provided by the flow interruptions at PV 106.4 increased GeoSZ cell titers by no more than 1 order-of-magnitude near the source zone, and at most locations, cell titers declined by up to 1 order-ofmagnitude. The decrease in GeoSZ titers corresponded to low levels (or absence) of electron acceptors (PCE and TCE), which were only detected at sampling ports 1E and 3E ( Figs. 1 and 2 ) at the conclusion of the experiment. Sideport measurements confirmed that GeoSZ was not electron donor limited as acetate (used by GeoSZ to transform PCE to cis-DCE, Sung et al., 2006a ) levels exceeded 2 mM in all sample locations.
Dechlorinator activity and growth within the pool and ganglia regions
A detailed analysis of the dechlorinating populations was performed at two sideport locations, 3E and 4D (Figs. 1 and 2 ). Sampling port 3E, which consistently showed the highest PCE and cis-DCE concentrations, was selected to assess microbial activity in the vicinity of pooled PCE-DNAPL (S PCE ≥ 13%). Sampling port 4D, which was located in a region of entrapped ganglia, was selected due to high PCE concentrations and evidence of consistent reductive dechlorination to VC and ethene.
Dechlorination in DNAPL pool regions near port 3E was apparent based on the change in composition of aqueous phase chlorinated ethenes and ethene concentrations, which transitioned over time from primarily PCE (1076 μM) to predominately cis-DCE (up to 1512 μM) with some VC and ethene (Fig. 5A) . GeoSZ cell titers coincided with PCE depletion and cis-DCE formation. Dhc cell numbers followed a similar trend to GeoSZ over time, but were consistently 2 orders-of-magnitude lower, representing 2% or less of the dechlorinating community (i.e., the sum of Dhc strains and GeoSZ cells) prior to the first flow interruption (PV 106.4, Table 1 and Table S -1 in Supplemental material). Following the first flow interruption, Dhc and GeoSZ cell numbers increased, and the fraction of Dhc cells increased to 15% (Table S-1). Similar increases in Dhc cells (from 7 to 12%) were detected after the second flow interruption at PVs 112.5 (Table S-1). At the conclusion of the experiment, Dhc cell numbers had increased by nearly 2 orders-of-magnitude from before initiation of the flowinterruptions and represented 84% of the total dechlorinators detected at port 3E, while GeoSZ maintained a relative constant titer of 1.6 ± 0.5 × 10 7 cells/mL (Table S-1). Unlike other studies that have shown limited VC and ethene production in regions of high PCE and/or cis-DCE concentrations (up to 1 mM) (Adamson et al., 2003; Glover et al., 2007; Sleep et al., 2006) , the observed increases of Dhc cells within this PCE-DNAPL pool region are consistent with the observed formation of VC and ethene, which reached concentrations of 132 μM and 85 μM, respectively. In the ganglia region (port 4D), growth of dechlorinators correlated with measured concentrations of chlorinated ethenes and ethene, yet the cell numbers were generally one order-of-magnitude lower than those measured near the pool region ( Fig. 5B and Table S-1). The effects of the flow interruption at PV 106.4 in the ganglia region (port 4D) were not as pronounced compared to the pool location (port 3E) (Table S-1). However, reductive dechlorination following the first flow interruption increased VC and ethene amounts from 11% and 3% (mole/mole) to over 26% and 19% of the total aqueous phase chlorinated ethenes and ethene, respectively. Similarly, before the second interruption at PV 112.5, the aqueous molar concentrations of VC and ethene were 15% and 6% (mole/mole), and increased to 21% and 65%, respectively. With the depletion of PCE and TCE (electron acceptors for GeoSZ) within ganglia and upgradient DNAPL pool regions, Dhc cell numbers increased one order-of-magnitude at the conclusion of the experiment (PV 116), representing 86% of the total dechlorinators present at port 4D. Consistent with the depletion of PCE and TCE, GeoSZ decreased by an order-ofmagnitude at the conclusion of the experiment compared to the previous measurement at PV 113 ( Fig. 5B and Table S-1).
Of the total RDase gene abundance measured near the pool and ganglia regions, the vcrA gene implicated in cis-DCE and VC dechlorination to ethene (Müller et al., 2004; Sung et al., 2006b ) was consistently the most prevalent with 76 ± 16% and 87% ± 16%, respectively, of the total RDase genes (Fig. 5 , Table S -2). The tceA gene, implicated in TCE to VC reductive dechlorination (Magnuson et al., 2000) represented 23 ± 16% and the bvcA gene (DCEs and VC to ethene) (Krajmalnik-Brown et al., 2004) represented 2 ± 4% of the total RDase genes in the pool region. In the ganglia region, the tceA gene abundance was lower than in the pool region, representing 10% ± 12% of the total RDase genes measured, presumably due to the decreased availability of TCE and cis-DCE within this zone. The bvcA gene titers also remained low in the ganglia region, representing less than 2% ± 6% of the total RDase gene abundance. Interestingly, the vcrA gene copy numbers generally exceeded the Dhc 16S rRNA genes by 2.0 ± 1.3 and 4.0 ± 1.7 fold in the pool and ganglia regions, respectively, following the production of ethene. An incongruity between Dhc 16S rRNA gene and RDase gene numbers has been observed previously (Damgaard et al., 2013a; van der Zaan et al., 2010) , but the relative overabundance of vcrA genes is difficult to rationalize based on the current understanding of Dhc biology (i.e., occur as single copy genes on the known Dhc genomes).
Bioenhanced DNAPL dissolution
The maximum bioenhancement factor for the representative pool and ganglia regions (ports 3E and 4D, discussed above) was determined by comparing the total measured molar concentrations of chlorinated ethenes and ethene to the average molar concentration of PCE measured during the 10 PVs prior to bioaugmentation (i.e., dissolution under abiotic conditions). PCE concentrations of 849 ± 163 μM and 223 ± 214 μM for the pool (port 3E) and ganglia (port 4D), respectively, rather than the PCE solubility (i.e., 1200 μM) were used for this comparison because the source zone architecture did not allow for ideal dissolution to occur, and thus, effluent samples were diluted. After the first flow interruption, 2.3-fold and 6-fold enhancements over abiotic dissolution were measured within the pool (port 3E) and ganglia (port 4D) regions, respectively. Following the second flow interruption, DNAPL dissolution was enhanced 1.4-fold and 3.0-fold, respectively (Fig. 5) . The reduction in bioenhanced dissolution between the first and the second flow interruption periods coincided with a decrease in local PCE and TCE concentrations. Based on the total molar mass of chlorinated ethenes and ethene recovered, the cumulative enhancement in PCE dissolution over the duration of the biologically active phase of the experiment was 1.11-fold and 1.68-fold near the high-saturation pool (port 3E) and ganglia regions (port 4D), respectively. These bioenhancement calculations are considered conservative because the values were referenced against steady-state abiotic conditions determined at early time when high-surface area ganglia were more prevalent in the aquifer cell.
These maximum and cumulative bioenhancement factors are on the lower end of previously reported values, which range from 1.5 to 21-fold and 1.3 to 6.5-fold, respectively (Adamson et al., 2003; Amos et al., 2008 Amos et al., , 2009 Glover et al., 2007; Harkness and Fisher, 2013; Philips et al., 2012 Philips et al., , 2013 Sleep et al., 2006; McCarty, 2000, 2002) . Numerous factors influence calculated values of bioenhanced dissolution, including pore-water velocity, electron donor supply, degradation kinetics, distribution and configuration (i.e., architecture) of the DNAPL source zone, and contaminant concentrations and availability (Amos et al., 2009; Christ and Abriola, 2007; Chu et al., 2003 Chu et al., , 2004 Glover et al., 2007) . Many prior studies used a source zone composed only of residual NAPL McCarty, 2000, 2002) and/or utilized a mixed-NAPL that consisted of the target constituent (TCE or PCE) dissolved in an innocuous NAPL phase (i.e., hexadecane) in order to decrease or limit the maximum aqueous phase PCE or TCE concentrations emanating from the source (Amos et al., 2008 (Amos et al., , 2009 Cope and Fig. 5 . Dechlorinators (Dhc and GeoSZ), Dhc RDase genes and dissolved chlorinated ethenes and ethene measured from the source zone: A.) pool region (port 3E) and B.) ganglia region (port 4D). Horizontal dashed lines represent the average molar concentration of PCE measured over the 10 PVs prior to bioaugmentation that was used to distinguish bioenhanced vs. abiotic dissolution. Zheng et al., 2001) . However, when compared to aquifer cell studies utilizing a neat PCE- (Sleep et al., 2006) or TCE- (Haest et al., 2012 ) DNAPL source zone, the observed enhancement factors were similar (1.01-1.7 cumulative, 1.3-3.3 maximum), suggesting that lower enhancement factors should be anticipated in more realistic, heterogeneous source zones.
Final distribution of Dhc and GeoSZ cells between aqueous and solid phases
At the conclusion of the aquifer cell experiment (116.2 PVs), the enumeration of Dhc and GeoSZ cells in aqueous sideport and solid (sand) phase samples revealed heterogeneous distributions of these dechlorinators (Fig. 6) . Throughout the aquifer cell, non-attached Dhc and GeoSZ cells accounted for an average of 24% ± 14% and 14% ± 12% of the total cell numbers (i.e., non-attached plus attached), respectively. Both the absolute cells numbers associated with both phases (co-located aqueous and solid phase samples) and the fraction of cells associated with the solid phase generally increased with proximity to residual PCE-DNAPL. In locations that contained DNAPL pool regions (ports 1E and 3E, Fig. 6 ), GeoSZ cells were measured predominately attached (11-17% non-attached). In these same locations, the highest concentrations of VC (156 μM) and ethene (66 μM) were measured, indicating that Dhc was active; Dhc cells in these remaining pool regions were primarily attached (28-39% non-attached). In downgradient zones with residual PCE ganglia (ports 2D and 4D), cis-DCE (≤120 μM), VC (≤40 μM) and ethene (≤30 μM) were detected, and Dhc and GeoSZ were also predominately attached (6-11% and 3%, respectively, non-attached).
Numerous studies have shown that microbial cell distribution between the aqueous and solid phases is a species-specific, dynamic process influenced by several factors including geochemical conditions (e.g., ionic strength, pH), contaminant concentrations, nutrient availability, physiological state of the organisms, hydrodynamic shear forces, and properties of the solid matrix (e.g., permeability, surface charge) (Alfreider et al., 1997; Amos et al., 2009; Fontes et al., 1991; Holm et al., 1992; Lehman, 2007; Lehman et al., 2001; Liu and Tay, 2002; Pedersen and Ekendahl, 1990; Reardon et al., 2004; Schaefer et al., 2010; Scholl et al., 1990; Thomas et al., 2002; Zhang and Olson, 2012) . These environmental conditions and organismal properties may lead to bacterial cell attachment distributions ranging from predominately associated with the aquifer solids to predominately associated with the aqueous phase (i.e., planktonic) (Balkwill and Ghiorse, 1985; Bekins et al., 1999; Fennell et al., 2001; Godsy et al., 1992; Haest et al., 2011; Hazen et al., 1991; Lehman et al., 2001; Reardon et al., 2004; Schaefer et al., 2009) . The aquifer cell results demonstrated that in near source zone regions (i.e., electron acceptor available) with sufficient electron donor supply, bioaugmented GeoSZ and Dhc were preferentially associated with the solid phase after more than 1 year of biostimulation. Previous work with the same culture over a shorter timeframe also demonstrated preferential distribution of Dhc and GeoSZ when electron acceptor and donor were available; however, the culture was primarily planktonic when electron donor was limiting . Further, the results presented here indicate that the fraction of attached and non-attached cells varies with distance from the DNAPL source, and to a lesser extent DNAPL saturation (e.g., high saturation pools vs. regions of lower saturation ganglia). Proximity to the source zone has been shown to affect the distribution between attached versus non-attached cells (Amos et al., 2009) , and may account for differences in the fraction of attached cells detected in laboratory studies compared to field sampling that typically occur at greater distances from the actual DNAPL source. Overall, the measurements of cell phase distribution in the aquifer cell provide additional evidence that reliance on groundwater samples alone could render estimates of dechlorination activity (e.g., time required for cleanup) unreliable if 2010a). Thus, cell abundance measurements in the aqueous phase should be interpreted with caution when predicting enhanced bioremediation or natural attenuation activity.
Implications for bioremediation
Assessments of site bioremediation potential have rarely considered the impact of source zone architecture and DNAPL saturation on dechlorinating microbial communities. The results of this study demonstrated that heterogeneous DNAPL distributions affect growth and distribution of dechlorinating populations and consequently, biologically enhanced DNAPL dissolution. In regions consisting predominately of discrete ganglia, up to 100% higher rates of biologically enhanced dissolution were observed compared to areas characterized by high saturation pools. Therefore, when assessing the potential for reductive dechlorination, DNAPL saturation distribution can impact degradation rates, especially under slow groundwater flow conditions (Chu et al., 2004) . Further, although both dechlorinating species were predominately attached to the sandy solid phase independent of the DNAPL saturation within the aquifer cell, the results suggest that the abundance of attached cells in regions containing ganglia could exceed pooldominated regions 4-5 fold, making estimates of the total microbial population (non-attached plus attached) challenging when biomass sample collection relies solely on groundwater. Variability of aqueous phase cells abundances in response to DNAPL saturation could potentially impact the interpretation of qPCR data (Lu et al., 2006; Ritalahti et al., 2010a) , in particular when the porous medium has higher organic content .
The outcomes of this study not only emphasize the value of quantitative assessment of Dhc cell numbers (i.e., 16S rRNA genes), but also indicate that individual RDase genes may correlate more closely to successful bioremediation (e.g., transformation to ethene). For example, Dhc distributions were strain-specific relative to the DNAPL source zones, which a 16S rRNA gene-targeted approach would not resolve. Implementation of bioaugmentation following partial mass removal using an aggressive physical-chemical remedy (e.g., surfactant flushing) was successfully demonstrated. This finding provides further support for combined remedy approaches (i.e., short-term mass removal followed by bioremediation), which could be beneficial at complicated DNAPL sites exhibiting asymptotic steady-state (stalled) mass removal.
Conclusions
Monitoring spatial and temporal phase distribution of two key dechlorinating microbial species provided direct evidence of changes and variability in dechlorination activity within a heterogeneous PCE-DNAPL source zone following partial mass removal by Tween® 80 surfactant. This information, along with detailed source zone mass distributions, is essential for the estimation of mass transfer and transformation rate parameters, which can be incorporated into mathematical models for application to source area remedial design and performance assessment. The following conclusions can be drawn from this study:
• Dhc cell abundance and growth was linked to proximity to the PCE-DNAPL source zone.
• Source zone architecture influenced bioenhanced PCE-DNAPL dissolution, with greater localized PCE dissolution enhancements observed within the source zone ganglia regions compared to pool regions.
• GeoSZ exceeded Dhc cell numbers by an order-of-magnitude in the PCE-DNAPL source until electron acceptors (PCE and TCE) were depleted in late time, consistent with prevalent PCE-to-cis-DCE dechlorination throughout most of the experiment.
• Increased residence time due to flow interruptions stimulated Dhc growth and activity, and sustained dechlorination and ethene formation throughout the aquifer cell occurred, even after flow was reinitiated.
• The predominance of a Dhc strain carrying the vcrA gene corresponded to VC and ethene formation in the source zone.
• The most prevalent RDase gene in both the pooled and ganglia regions was vcrA, which consistently exceeded Dhc cell numbers.
• DNAPL saturation (i.e., pool and ganglia) influenced attachment of Dhc and GeoSZ cells, with dechlorinating cells predominately associated with the solid phase as long as electron donor was not limiting.
